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Abstract 
Solar thermal absorption coatings attract great attention in both research society and industry due to its critical function in solar 
thermal system. In the past several years our research group had developed multi-layer structured selective absorption thin film, 
which is considered as the example applied to destruction-interference absorption principle. Besides the performance of the 
coatings employed in the heat receivers, the service lifetime and the reliability of the coatings is of much concern as well. In this 
paper we present the recent analytical experimental results in characterizing the coatings before and after long term annealing. 
The experimental techniques mainly include TEM investigation, XPS depth profile method in this paper’s research work. The 
experiments indicate that there are chemical shifts along the normal direction of the coatings, which imply that phase evolution 
emerges in the specimens after undergoing different annealing process. We also observed a meal diffusion and an oxidation by 
the residual oxygen, the oxidation is considered as the driving force of the phase evolution consequently. These phenomena are 
very different from the degradation of the coatings annealed in air environment. 
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1. Introduction  
Parabolic trough solar thermal technique is one of the important techniques among concentrating solar power 
(CSP) utilization [1]. In the past decades, technical improvements had pushed producing quality and performance up 
to high level frequently. More and more CSP plants were built or are under construction around the sunlight-rich 
region[2]. Among all the components involved in the parabolic trough ones, the receiver plays a key role in the heat 
collecting and transfer process. In the power generation process the receivers are expected to capture sunlight as 
much as possible and the heat energy can be transferred from the receivers to the working fluid in the pipe system to 
a large extent. The receivers are composed of several types of material such like stainless-steel and glass, the 
selective absorption coatings deposited on the surface of the stainless-steel pipe is required to keep high absorptance 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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and low emittance during the working condition. 
Several types of coatings are proved to be valid for high temperature range(>400ć), semiconductor-metal 
tandems coatings such like silicon tandem absorbers prepared by CVD, or SiO2/TiO2/a-Si/Al selective absorbers 
utilizes boron-doped amorphous silicon; and multilayer structured selective thin film such like Al-AlNx-AlN; and 
metal-dielectric composite which has the structure like AlOx/ZrOx/Ag, and others.[3,4] 
We found that the transition metal compound exhibits both good spectra absorption property and thermal stability. 
Based on the material system composed from transition metal nitride and cermet, we design a multilayer structured 
thin film as the selective absorption  coatings[5]. A AlN/TixAl1-xN/Al coating is developed to meet the requirement 
of high absorptance and low emittance[6]. 
Besides the performance of the selective coatings of the receivers, the service lifetime and the reliability is 
another concern from the scientific society and industry. In the following part, the coating specimen after long term 
annealing is analyzed by using TEM investigation, XPS depth profile method. The experimental results indicates 
that the inner micro structure of the thin film evolved slightly after long term annealing in vacuum condition. The 
diffusion of metal element and the phase evolution might damage the micro structure and cause degradation of the 
coatings in vacuum condition, which is very different from the degradation mechanism in the non-vacuum cases[7]. 
2. Experiments and results 
2.1 Introduction to the experimental method 
Many methods are involved in material research science and technology, among which electron spectroscopy is 
considered as the powerful tool to investigate the specimen’s crystal structure, composition analysis and others. 
Transmission electron microscopy (TEM) has advantages in the micro-structure analysis due to its high resolution.  
X-ray technique is also widely used due to its great penetration depth, thus it is possible to detect the information 
within the specimen. X-ray photoelectron spectroscopy (XPS) is one quantitative spectroscopy by collecting the 
electrons escape from the surface of the specimen, which is irradiated by a beam of X-ray. High surface sensitivity is 
regarded as the feature of XPS technique, and this technique is frequently used to detect the chemical state of the 
element in the surface region. In our research work we utilize the depth-profile function of XPS technique, in this 
depth-profile mode an ion gun is used to sputter several surface layers away, thus the internal structures are exposed 
to the X-ray beam radiation in a consecutive manner, and the spectroscopy can be collected continuously.   
2.2 As-deposited specimen characterization  
The coatings are designed, optimized and consisting of four layers such as metal reflector layer, double 
absorption layer, and anti-reflection layer. The coating was deposited on Si substrates using RF/DC magnetron co-
sputtering system in our lab. Finally we obtained the coatings structured as Al/Ti0.5Al0.5N/ Ti0.25Al0.75N/AlN. 
1580   X.J. Wang et al. /  Energy Procedia  69 ( 2015 )  1578 – 1585 
   
(a)                                                                                             (b) 
 
                                          (c) 
Fig.1 (a)coating’s cross sectional TEM image; (b) TEM image to show the crystallographic condition in the double absorption layer; (c) scheme 
of Ti3AlN structure 
Fig.1 gives the as-deposited coatings’ TEM image and structure scheme of the absorption layer . Fig.1(a) displays 
the cross section view of the coatings in lab stage, silicon wafer is used as the substrate of the coatings, while in 
practical production the stainless steel tubes act as the substrate of the coatings. The coating is smooth and flat, the 
noticeable image contrast caused by crystallography imply different crystal structures exist in this multilayered 
coating. Fig.1(b) shows the crystallographic structure of absorption layers. More detailed micro structure 
information such as XRD analysis in thin film mode (results are not shown here, detailed information can be found 
in the previous work [7]) and high resolution TEM (HRTEM, results are not shown here) made us conclude that 
there exists metastable phase which is identified as Ti3AlN. Fig.1(c) gives the schematic description of  Ti3AlN [8],  
the atoms in the corner represent Al atoms, Ti atoms locate at the face-centered position, and N atom resides at the 
body center of the cube. The lattice parameter of Ti3AlN in the experiments is 0.426 nm which is very close to 0.423 
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nm, the theoretical value of TiN’s lattice parameter [11]. That is the most probable structure when Al atom 
substitutes Ti atom.  
2.3 Long term annealed specimen characterizations 
The specimen of the absorption coatings were treated by annealing at 400 䉝 in vacuum and the longest annealing 
time of the coating specimen is more than 10000 hrs. The measured optical functions are regarded as in normal 
range despite the slightly change in the testing parameters (absorption rate is >91%, emissivity is  <8% , under room 
temperature under present research condition). The microstructure of the coatings is of great interest after the 
specimen undergoes continuously long term annealing. In the experiments we found a different structure due to a 
phase change. 
   
(a)                                                          (b) 
Fig.2 TEM cross section view of the specimen (a) 2573 hrs annealed specimen; (b) 10342hrs annealed specimen 
Fig.2 shows the cross section view of the annealed specimen. Fig.2(a) gives the result of the specimen after 2573 
hrs of annealing in vacuum condition. The coating has the thickness around 430 nm, which includes 270 nm in 
thickness of the Al layer, 84 nm of the external anti-reflection layer and 78 nm of the absorption layer. Fig.2(b) gives 
the result of the specimen after 10342 hrs of annealing. Thickness of the metallic reflector layer is still around 270 
nm while the total thickness of both the absorption layer and anti-reflection layer is about 160 nm. The whole 
thickness of the coatings remained nearly unchanged while the interface is not much clear to be distinguished.  
 
(a)                                                                                         (b) 
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(d)                                                                                                                (e) 
      
                                                   (f) 
Fig.3 in the ~2500 hrs annealing speciman, xps depth-profile mapping (a) of element Al; (b) of element Ti ; (c) atomic concentration along the 
normal direction. and in the ~10342 hrs annealing specimen, xps depth-profile mapping(d) of element Al; (e) of element Ti ; (f) atomic 
concentration along the normal direction 
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Fig.3 provides the information of the chemical bonding inside the coatings along the normal direction. Fig.3(a) 
and (b) are the contour plots of the elemental mapping, in which x-axis is the binding energy. During the process of 
collecting spectra, the ion gun keeps sputtering the surface off the coatings layer by layer, thus y-axis(layer numbers) 
gives the relative space(depth of the coatings) at where  the spectra were collected, and the color bar implies the 
relative intensity of the signal.  
The sputtering rate of the ion-gun is 0.8 nm/s for standard specimen, while regarding the practical coatings the 
average sputtering rate is estimated to be 4 nm/200s. Considering the acquisition time of the spectra the sputtering 
rate can be estimated to ~10 nm/layer for our specimen. Fig.3(a) and Fig.3(b) indicate respectively the chemical 
bonding of element Al and Ti inside the thin film along normal direction, .From the Al mapping we can discern the 
explicit interface between Al metal and absorption layers, which is located in the 14th layer. In that layer there is an 
clearly change of the binding energy from 73 ev to 75 ev. It means the chemical bond condition of the Al changing 
from the metal to the corresponding compound. Also it can be seen in the Ti mapping result in Fig.3(b) that the 
titanium distribution condensed in the interface region between 4th layer to 6th layer. From the Al mapping we can 
also observe a slight chemical shift in this region. Fig.3(c) provides the atomic concentration of the coatings as 
reference. 
Similarly, Fig.3(d)-(f) show the mapping of Al and Ti in the specimen annealed during 10342 hrs under vacuum 
condition. In Fig.3(d), the interface between metallic Al and Al-compound can be observed in the region around 
14th layer. The chemical shift observed in the 8th layer indicates bonding variation which is also the condensed area 
of element Ti shown in Fig.3(e). However the difference between (e) and (b) shows that there is one more 
condensation area for Ti in 3rd layer in (e). It means the possible phase evolving caused the elemental transition 
along the normal direction.  
 
(a)                                                   (b)                                                       (c) 
   
(d)                                                        (e)                                                  (f) 
Fig.4 peak fitting of xps spectra of Al in 2573 hrs-annealed specimen (a) in 3rd layer; and (b) in 6th layer;  (c) in 9th layer ; and in 10342 hrs-
annealed specimen (d) in 4th layer; (e) in 8th layer; (f) 12th layer. 
Detailed peak fitting of the XPS spectra in specified layer is indicated in Fig.4. The peak profile of the raw signal 
can be split into 3 peaks respectively. The 72-73 eV peak indicates the existence of Al metal bonding while the 74-
75 eV peak represents the Al-N bonding, and the peak resides above 75 eV implies Al was oxidized. The slightly 
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chemical shift in the bonding energy suggests more complicated bonding condition while the concentration ratio of 
the three peak is also changed due to the phase evolution in different specimen.  
Table.1 XPS depth profile spectra statistics of Al 
 
The statistics of the spectra of element Al are listed in Table.1, in which the peak position and peak area of each 
fitting profile can be used to deduce the evolution of phase inside the coatings among different specimens. For 
example the low binding energy of Al such as ~73eV usually represents the existence of metallic Al while the higher 
binding energy such as 74 eV and 75 eV indicates the possible bonding of Al-N and Al-O respectively[9,10].  
Peak1 represents the lowest binding energy peak within the spectra envelop, which resides at around 73 eV, 
followed by the Peak2, which is located at around 74.4 eV The highest binding energy Peak3 can be assigned to 75 
eV. As it can be seen the metallic Al can be found near the substrate side (in 9th layer for 2573 hrs specimen, while 
in 12th layer for 10342 hrs specimen). In the outer layer of the specimen the metallic Al was oxidized to the higher 
binding energy state such as >73 ev. The results imply that metallic Al diffused from the substrate to the surface of 
the coatings. During the diffusion the metallic Al was oxidized to form more complicated spectra profile. 
The fraction of Peak1(or Peak2,Peak3)/Sum of the peaks indicates the relative concentration of the peak, which is 
displayed under the slash of the peak area(for example 0.45, 0.32 and 0.22 in the first row in Table.1). Comparing 
the concentration value of Peak 2 in the 10342 hrs annealed specimen with that in the 2573 hrs annealed one, we can 
observe that more Al-N bonding is formed while less Al-O bonding is found simultaneously. From this result, we 
can deduce that Ti-Al-N ternary compound evolves as a function of annealing time, the phase evolution gives rise to 
the difference on the spectra. Secondly, the oxidization caused by the residual oxygen is evidently decreased after 
the specimen undergoing long term annealing treatment. It can be ascribed to the damage of Al-O bonding enforced 
by the thermal stress. During the long term annealing Ti atoms capture the oxygen ion thus form into the Ti-O 
bonding, as a result the Ti diffuses to the surface of the coatings. That may serve as another reason why titanium 
condenses in the outer layer in addition to the absorption layer. 
3. Conclusion and discussions 
Analytical microstructure experiments reveals the phase evolution inside the coatings, the diffusion of metal and 
the oxidation by residual oxygen were also observed. We assume that interface transition serves as the driving force 
of the phase evolution which is very different from degradation mechanisms of the coating annealed in air 
environment The phase evolution is tightly related to the stability and reliability of the coatings. The technique 
improvement of the industry can optimize the performance of the receiver largely while the evaluation of the 
coatings and service lifetime estimation is still under research. The profound mechanism of the bonding damage and 
recombination in different stages are under investigation, and more results will be released in a future research work. 
Specimen specialization  Peak 1 
position 
(eV) 
Peak 2 
position (eV) 
Peak 3 
position (eV) 
Peak1 area 
(instrument 
counts/percentage) 
Peak2 area 
(instrument 
counts/percentage) 
Peak3 area 
(instrument 
counts/percentage) 
314s2 
(2573 hrs 
annealed 
specimen) 
Layer 3 73.5 74.4 75.2 976.4/0.45 702.1/0.32 482.5/0.22 
Layer 6 73.0 74.4 75.3 103.8/0.5 797.9/0.37 1207.9/0.57 
Layer 9 72.9 74.4 75.4 500.0/0.21 355.1/0.15 1443.5/0.62 
1210-1 
(10342 
hrs 
annealed 
specimen) 
Layer 4 74.6 74.9 75.8 8060.5/0.12 28716.2/0.44 27822.2/0.43 
Layer 8 74.3 74.7 75.4 19983.4/0.31 17969.1/0.28 24721.6/0.39 
Layer 12 72.9 75.0 75.7 9439.1/0.15 34239.1/0.55 18485.2/0.29 
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